To maximize herd profits, dairy farmers are faced with the complex dilemma of minimizing costs that are associated with rearing heifers while ensuring or enhancing lifetime economic productivity. Decisions about heifer management interact with underlying biological aspects of growth, thereby influencing future profitability. A thorough understanding of these biological interactions is lacking. Studies based on models could be useful in the evaluation of various rearing strategies. Currently available models for dairy cattle primarily focus on the dairy cow. In a dairy farm production system, management decisions concerning the rearing of livestock and the replacement of dairy cows strongly influence each other. In a model that describes the dairy herd as a multiplecomponent system, opportunity is greater to coordinate rearing and replacement policies. Expected benefits of such a model are discussed. ( Key words: heifer rearing, dairy cattle management, growth, management models) Abbreviation key: DP = dynamic programming, LP = linear programming.
INTRODUCTION
In dairy farming, many young heifers are needed for replacement. Management decisions concerning replacement heifers can have a profound effect on the profitability of the farm as a whole. However, as a component of the management system, the rearing of dairy replacements is often overlooked.
To make the right decisions, farm managers need insight into the potential impact of management decisions on technical performance and economic results. In The Netherlands, the average rearing period of dairy heifers before the onset of first lactation is 26 mo (35) . Such a marked time lag between input and output makes it difficult for a dairy farmer to recognize the impact of decisions concerning the rearing of replacement heifers on the farm. Therefore, an estimation of these impacts by means of an economic model could be helpful to decisions affecting the management of heifers.
Several decision support models for managing dairy cows have been described in the literature (9, 23, 25, 29, 51) . In all of these models, the emphasis is on the mature cow, thereby simplifying simulation of replacement heifers. A thorough understanding of the fundamental economic elements of rearing heifers and of overall herd objectives is lacking. Therefore, an economic model needs to be developed to show better the ensuing effects of management decisions on the underlying biology of the heifer and the resulting herd dynamics and performance. The objectives of this study were 1 ) to evaluate the technical and economic aspects of heifer rearing, 2 ) to review the currently available simulation and optimization models that focus on heifer management, and 3 ) to demonstrate the potential benefits of modeling studies to improve management programs for replacement heifers.
KEY ISSUES IN HEIFER MANAGEMENT
The cost of raising dairy replacement heifers is one of the largest for the dairy operation [15 to 20% of the total milk production cost (20) ]; however, heifer rearing is one of the least understood processes. The objective of rearing dairy replacement heifers is to minimize rearing costs and to maximize future profitability. A basic approach to reduce inputs is to shorten the nonproductive period of dairy heifers, which can be accomplished by lowering the age of parturition by breeding heifers earlier (1, 22) .
Ample research (8, 16, 39) has demonstrated that the onset of puberty is determined by BW (8, 16, 39) . In general, heifers start to cycle at approximately Journal of Dairy Science Vol. 80, No. 7, 1997 43% of mature BW ( ≈275 kg for Holsteins) (48) . By manipulating the feeding regimen, age at conception can be reduced to less than 9 mo ( 1 ) . Many studies suggest that the optimal age at first calving is approximately 24 mo (breeding age ≈15 mo). However, most of those studies (21, 22) have been based on milk production rather than on economic measurements.
The possible advantages of reduced age at first calving, such as decreased feed costs, greater cumulative production per month of age, a shorter generation interval, and lower overhead costs, must be weighed against the possible disadvantages, such as lower conception rates, increased dystocia, reduced milk production per lactation, reduced longevity, and the cost of increased planes of nutrition (19, 22, 31, 41) . Because of the various interrelationships with growth rate, heifer management decisions are complex. For a final economic evaluation of a reduced rearing period, the biological interrelationships between growth rate and subsequent reproduction and between growth rate and the ability to produce milk appear to be of great importance (16, 22, 42) .
Relationship Between Growth Rate and Subsequent Milk Production
From several experiments (13, 45) , it can be concluded that feeding intensity during rearing can be divided into effects before and after sexual maturity.
Prepubertal growth rate. The effect of nutrition on mammary development is most critical before puberty during the allometric phase (13, 43) . Increased feeding intensity before sexual maturity causes changes in the secretion of hormones in the lactogenic complex, resulting in a reduced number of secretory cells in the mammary gland (38) . Several studies have demonstrated an inverse curvilinear relationship between prepubertal growth rate and subsequent milk production. From their rearing experiments, Amir and Kali ( 1 ) , Foldager and Sejrsen (12) , and Waldo et al. ( 5 2 ) concluded that a critical upper limit existed for a mean prepubertal daily gain of 0.7 to 0.8 kg/d in heifers of large dairy breeds (Holstein) beyond which milk production progressively declined. This finding compared favorably with the optimal growth rate of 0.5 to 0.6 kg/d that had been proposed by Swanson ( 4 6 ) for rearing Jersey heifers from birth to conception and that also had been verified as the optimal range in Red Danish heifers ( 3 7 ) and British Friesians (32) . In the experiments of Little and Harrison ( 3 2 ) and Foldager and Sejrsen (12) , heifers grown at rates above the defined optimal prepubertal range produced 10 to 20% less milk during first lactation.
However, these findings have been contradicted by a number of rearing experiments (45, 49, 52) in which the presumed negative effect of gain on milk production was not observed. In some of those studies, the lack of effect could be explained by small differences in feed intake, short treatment periods, or high pretreatment growth rates (40) . According to Foldager and Sejrsen (13) , the negative influence of high feed intake during one stage of the critical period cannot be compensated by reducing feed intake during the following stage, even when the overall mean prepubertal growth rate is satisfactory. Nevertheless, in a few experiments, the absence of a treatment effect could not be explained in this way. In a recent Cornell study (49) , rates of prepubertal growth up to 0.95 kg/d did not significantly affect milk production compared with growth rates of 0.70 and 0.84 kg/d ( n = 192). The experiment of Gardner et al. ( 1 7 ) comparing prepubertal growth rates of 0.89 versus 0.78 kg/d ( n = 433) resulted in a similar nonsignificant effect. Those results demonstrated that much still needs to be learned about the effect of nutrition during the prepubertal period on future milk production.
Postpubertal growth rate. After sexual maturity and during pregnancy, high feeding intensity also leads to a higher daily gain, but the consequences for the subsequent lactation are reversed. During this period, a high feeding intensity leads to higher BW and better condition at calving. Such heifers require less energy for growth during their first lactation, have an increased ability to mobilize body reserves, and have an increased feed intake capacity.
In a survey of 163 commercial Holstein herds, Heinrichs and Hargrove ( 2 1 ) found that replacement heifers in herds with more than 7264 kg of herd average milk production weighed 525.9 kg at 24 mo, which was 10.7 kg more than heifers from lower producing herds. Keown and Everett ( 2 7 ) evaluated 305,000 Holstein records and observed optimal first lactation milk production for heifers that had postcalving BW of 544 to 567 kg. A first lactation cow weighing 567 kg produced, on average, 806 kg more milk than did a first lactation cow calving at less than 408 kg. Recent research on Holstein heifers at Cornell ( 4 9 ) has demonstrated optimal milk production for heifers with a postcalving BW of 545 to 565 kg. Heifers with postcalving BW greater than 590 kg tended to have lower milk production.
As demonstrated in several field surveys (21, 22, 27) and experiments (7, 49) , greater BW at first calving increased milk production. The extent to which excessive BW at first calving affects productivity requires further investigation. Quantification. From the composite of rearing data, recommendations have been made concerning the optimal average daily gain during prepubertal growth and the optimal BW at first calving. Such recommendations appear to be scientifically valid, but their use requires careful interpretation for three main reasons. First, the database on mammary development is based on results from different breeds of cattle. Because of differences in genetic background, a single recommendation for prepubertal average daily gain of 700 g/d may be appropriate for large dairy cattle, such as Holsteins, but may be excessive for Jerseys. Second, genetic selection for milk production over time may alter tissue distribution in growing replacement heifers. Therefore, the use of dated literature to quantify heifer growth rates could be invalid. Finally, growth rate, BW at first calving, and age at first calving are generally correlated, making it difficult to ascertain independently the effects of each variable on productive performance (12) . In rearing experiments, there will always be the existence of two experimental variations. Plane of nutrition during rearing affects BW at first calving unless the age at calving is changed accordingly. Therefore, experiments with replacement heifers can be grouped as demonstrated in Table 1 .
Most earlier studies were conducted using heifers that were at the same age at first calving, but different growth strategies were used, and heifers had different BW at first calving. However, in more recent work, heifers that had the same BW at first calving but that had different growth strategies and ages at first calving were used. Analyses of field data generally involved heifers that had the same growth strategies but that were of different ages and had different BW at first calving (12) .
Because an increase in growth rate is generally required to decrease age at calving or to increase BW at calving, the effects of milk production cannot be explained only in terms of growth rate, BW, or age (22) . Clark and Touchberry ( 7 ) determined that age independently influenced first lactation milk production but that its influence was approximately fourfold less than that of BW. Fisher et al. ( 1 1 ) reported similar results. The independent effects of age were assumed to account for only a small fraction of milk production during first lactation. Therefore, negative effects associated with accelerated prepubertal growth rate were proposed as the primary influence on reduced milk production in experiments using cows that had the same BW at first calving but different growth rates and different ages at first calving (12, 37) .
Relationship Between Growth Rate and Reproductive Performance
Conception rate. Breeding at an earlier age may tend to lower the conception rate after first AI. Information is limited regarding the relationship between age of heifers and conception rate. In the experiment of Lin et al. (30) , one group of 253 Holstein and Ayrshire heifers was bred after 350 d of age (BW, 301 kg), and a second group of 249 contemporary heifers was bred after 462 d of age (BW, 369 kg). Both breeding groups were subjected to similar feeding and management practices. Heifers bred after 462 d tended ( P > 0.05) to have a higher conception rate (47% vs. 38%) than did those bred after 350 d.
Little and Kay ( 3 3 ) reared three groups of British Friesian heifers; groups A ( n = 36) and B ( n = 21) had a mean daily gain exceeding 1 kg/d, and group C ( n = 29) had a mean daily gain that never exceeded 0.74 kg/d. Heifers in group A were first bred at a mean age of 43 wk (BW, 302 kg). Heifers in groups B and C were bred later at a mean age of 78 wk (BW, 443 and 353 kg, respectively). There were no significant differences among the proportions of heifers conceiving at first AI in groups A (55.5%), B (66.7%), or C (72.4%). The conception rates tended to be somewhat lower for heifers at higher growth rates and at younger ages.
However, because BW is a measurement of physiological maturity, heifers in groups B and C strongly differed in physiological age even though they were bred at the same chronological age. Byerley et al. ( 5 ) demonstrated in an experiment with beef heifers that the 89 heifers bred at pubertal estrus had a significantly lower conception rate than did 67 contemporaries bred at third estrus (57% vs. 78%). These results suggest that heifers that have at least two to three estrous cycles before breeding have higher conception rates.
Dystocia. Several studies (10, 47) have defined a profoundly negative correlation between BW at first calving and incidence of dystocia. Certain manage-Journal of Dairy Science Vol. 80, No. 7, 1997 ment techniques, such as selection of sires, can be employed to reduce dystocia. However, Erb et al. ( 1 0 ) suggested that dystocia in heifers was related primarily to BW at first calving. The replacement heifer must have adequate BW or frame size to reduce the incidence of dystocia. Age at first calving seemed to have no significant effect on calving difficulty, and the minimal critical BW was obviously dependent on breed and breeding management.
Dystocia has many possible detrimental effects beyond those associated with calving. In the analysis by Erb et al. (10) , replacement heifers with dystocia were 2.9 to 4 times more likely to have retained placenta or metritis or to be culled involuntarily. A similar evaluation by Thompson et al. ( 4 7 ) showed that dystocia at first calving resulted in many health problems, including impaired reproductive performance, milk fever, retained placenta, and mortality of the calf, dam, or both.
DAIRY HEIFER MANAGEMENT DECISIONS
The producer exercises control over the replacement enterprise in two main areas: a nutritional plane of growth and breeding age. Nutritional plane may in fact be multiple nutritional planes that are dependent on age, environment, and available feedstuffs. The desired breeding age needs to consider the nutritional plane in order to achieve the target BW at calving. These two management controls are related biologically because puberty is a function of BW. The ultimate economic outcome of the selected feeding regimen and breeding strategy depends on the balance between negative and positive impacts.
Feeding Aspects
Feeding regimen determines the daily gain of the heifer and thus influences reproductive and future productive performance. The rations that are fed to heifers also represent the largest cost associated with heifer rearing [40 to 70% (45) ].
A BW of 530 kg after calving at an age of 24 mo could be achieved by an average daily gain of approximately 650 g/d prior to puberty and 800 g/d postpuberty depending on BW at birth. However, alternative systems may also prove adequate to achieve recommended BW at calving. For example, heifers fed a compensatory feeding regimen ( a low quality diet with high fiber during prepuberty followed by a diet of high nutrient density during postpuberty) have shown an increased rate of BW gain over time, which allowed the heifers to mature at the same rate as those fed at a consistent and normal plane of nutrition. Park et al. ( 3 6 ) showed that even heifers in a sequential compensatory feeding strategy gained more, consumed less, and produced more milk during the first lactation than did heifers fed according to NRC ( 3 4 ) requirements.
Seasonal Aspects
Seasonal effects on the production of milk, fat, and protein and on prices of feed, milk, meat, and calves can substantially influence economic results (25) . Heifers calving in different months have different lifetime gross profit margins. Therefore, a producer must balance the economic consequences of various BW gain strategies with seasonal calving advantages to maximize profitability. Jalvingh et al. ( 2 5 ) demonstrated the influence of seasonal variation on performance and prices by simulating, for all possible months of calving, the lifetime costs and revenues per lactation for an average Dutch cow with a calving interval of 12 mo. The gross margin appeared to be the highest for cows calving in October ($2804; US dollars) and lowest for cows calving in March ($2639), implying a maximum difference of $165.
Decisions regarding prepubertal BW gain ultimately influence the time that a heifer can be bred and thus, indirectly, the time a heifer calves. Hence, prepubertal strategies for BW gain determine how many of the seasonal advantages a producer might capture.
Influence of Age at First Calving on Feed Cost: A Dutch Example
To understand the decrease in feed costs caused by lowering age at parturition, a simple linear programming ( LP) model was used to calculate the least-cost rations for different growth strategies. The LP model (see Appendix) was based on the Dutch feeding recommendations and standards of 1995 [(6); G. Hof, 1995, personal communication] .
With the LP model, formulation of the least-cost ration for a given BW gain strategy could be calculated on a monthly basis, assuming a controlled feeding system. The simulated gain strategies were based on growth patterns advised in The Netherlands and result in similar BW after calving (528 kg) at different calving ages. Within each strategy, growth rate during the weaning period ( 2 mo) is fixed, which balances feeding costs among calves during this period. The composition of feed intake depends on energy and protein requirements, DMI capacity, and feed quality. Feedstuffs used in this model are typically fed in practice; summer (May through October) heifers feed on grass and concentrates, and winter (November through April) heifers feed on silage and concentrates (see Appendix for more details on input variables). Because of the seasonal influence (price, availability, and energy content) on the ration, the cumulative feed costs are calculated for heifers born at different calender months. The calculated cumulative feed costs for each simulated growth strategy that results in a similar postcalving BW of 528 kg are given in Table 2 .
By reducing the rearing period (i.e., lowering age at parturition), the amount of energy required for maintenance decreases, lowering cumulative feed costs. This reduction is greater when the number of expensive winter months (on average, $30 per winter month vs. $15 per summer month) is reduced. Because of seasonal variation, a reduction of the rearing period from 26 to 22 mo has a larger impact on feeding costs of a heifer born in January than on the costs of a heifer born in October.
MODELS TO SUPPORT DECISIONS FOR HEIFER MANAGEMENT
To maximize herd profits, producers are faced with the complex dilemma of minimizing costs associated with rearing heifers and maximizing future cow performance. Several decisions made by the producer interact and ultimately influence total profitability. A thorough understanding of these interactions is still lacking. Therefore, a model simulating heifer management decisions and the potential impact of those decisions on the resulting herd dynamics and performance could be helpful in the evaluation of the technical and economic consequences of various rearing strategies.
A model is a simplified representation of a system that can be used to predict the effects of changes within that system. The structure of a model can be described by the following basic characteristics (24):
ÿ Simulation versus optimization models. Simulation models calculate the outcome of predefined sets of variables, and optimization models determine the optimum solution given the objective function and restrictions.
ÿ Deterministic versus stochastic models. Deterministic models make definite predictions for quantities, and stochastic models deal with probability distributions and random elements to deal with uncertainty.
ÿ Static versus dynamic models. Static models are not able to simulate the behavior of a system over time, but dynamic models are.
The Rearing Problem Structured by Dynamic Programming
The approach commonly used in models to optimize herd dynamics is dynamic programming ( DP) . White ( 5 3 ) first suggested that DP could be applied to solve on-farm decision problems. He determined optimal replacement policies for flocks of laying hens and drew attention to the scope of the DP technique for application to other types of livestock. Since then, many DP applications in the field of dairy cow and sow replacement have been published (9, 23, 29, 51) .
Dynamic programming is concerned with processes that involve a sequence of decisions over a given time, the planning horizon, which is split into periods or stages. At each stage, the state of the process is observed, and a decision concerning the process is required. The state of the process (animal) is specified by a set of parameters, termed the state variables, such as age and production. Each state variable consists of a finite number of distinct values. The decision influences the state variable to be considered in the next stage, and, depending on the state and the decision made, an immediate reward is obtained. Optimization starts at the end of the planning horizon and moves backward in time to the present stage. At each stage, the optimal decision is determined for all combinations of state variables by maximizing or minimizing a predefined objective function. The combined effects of the current decision and the predetermined optimal sequence of decisions during the remainder of the planning horizon are considered according to Bellman's principle of optimality ( 2 ) .
In addition to a sequential approach, DP is able to handle certain problematic characteristics that other methods cannot address adequately. Two of these characteristics are nonlinear objective function coefficients and probability or stochastic outcomes. Therefore, DP is a very suitable technique to account for biological variation among animals (26, 50) .
Journal of Dairy Science Vol. 80, No. 7, 1997 Heifer rearing is an obvious example of a sequential decision problem. Therefore, DP principles can be used to structure the rearing problem. The decisions to be made concern the choices of a BW gain strategy and a breeding policy; the objective function concerns the maximization of expected returns above rearing costs per day of productive life.
Galligan et al. (14, 15) were the first to apply DP to heifer management using DP methodology to determine the optimal sequence of daily gain decisions, resulting in a maximization of the returns per day of productive life. The problem was structured using time (90 d per stage) as a stage variable (12 stages) and using seven categories of BW gain (227, 340, 454, 567, 680, 794, and 907 g/d). An LP model was used to formulate least-cost rations for each BW and BW gain strategy. Seasonal feed prices, quality, and availability, as well as seasonal milk production efficiencies, were based on Dutch conditions. Calving BW ranged from 499 to 612 kg. The DP model determined the optimal sequence of BW gain strategies for each possible month of birth; seasonal rearing costs and seasonal milk production returns were considered. The model suggested that heifers born from January to April or November or December should calve at 20 mo; heifers born from May to July should calve at 26 mo; and heifers born from August to October should calve at 23 mo. Returns per day of life ranged from $2.64 to $3.52.
In reality, heifer rearing involves more complex issues than are illustrated by this model. For instance, in this first approach, the biological relationships were not considered. Therefore, an extended DP model in which the underlying biological complexity is included would result in a more accurate determination of the economically optimal sequence of heifer management decisions.
Dairy Cattle Management Information Models
The replacement enterprise is an indispensable component of the complete dairy herd. Opportunity exists for dairy farm managers to coordinate heifer rearing policy with cow replacement policy. In the literature, several modeling studies have dealt with optimal dairy cow replacement using a singlecomponent system in which only the dairy cow is considered, and an unlimited supply of replacement heifers is assumed (9, 23, 29, 51) . In reality, however, the supply of dairy replacements is limited, making the replacement problem a multiplecomponent system. With a limited number of heifers, the replacement options are also limited. Therefore, the replacement decision concerning one cow depends not only on the state of the particular cow but also on that of the other cows and heifers in the herd (3, 28) . The problem is how to determine the optimal herd composition from the available population of dairy cows and replacement heifers.
In a multiple-component system, the rearing and dairy units are considered simultaneously, which makes the size of a total optimization model beyond computational capacity (28) . To avoid this problem, separate submodels can be developed that simulate each process of the system in both an aggregated and detailed manner. The total result of specific tactics can be evaluated by the combination of certain submodels.
Modeling Studies Focused on Dairy Heifer Management
Only one model was found ( 4 4 ) that emphasized the management of replacement heifers, thereby simplifying the simulation of dairy cows. Sørensen ( 4 4 ) constructed a dynamic simulation model to evaluate alternative management strategies for the production of replacement heifers in a Danish dairy production unit. The simulated production strategies concerned feeding, grazing, culling, reproduction, and location of heifers. To generate female calves in a realistic manner, the dairy herd was also included in the model. However, each cow in the dairy herd was described by only two state variables, priority for culling and interval to next calving; the influence of replacement policy on rearing policy was not considered. Replacements entered the dairy herd only when dairy cows were culled; otherwise, replacements were sold. In application, a production strategy typical of Danish conditions was used as the standard. As an alternative strategy, only the technical results of an improved reproduction strategy were mentioned. From these simulation results, it appeared that seasonal variation in estrus detection rate and energy allowance caused by grazing management could have a significant influence on the production of replacement heifers.
The Dairy Herd as a Multiple-Component System
Gartner ( 1 8 ) developed a computer simulation model that considered the interaction between calf rearing and the dairy unit to examine the financial consequences of different replacement policies on dairy farms on which heifers competed with dairy cows for the same grassland. Several model experi-ments were conducted to evaluate the effect of different replacement rates on the profitability of the herd and herd improvement. The driving variables that changed in each experiment were replacement rate, age at first calving, calving index, and merit of the AI sire. An increase in replacement rate was not always associated with a fall in profitability, and an improvement in milk production per cow was not always associated with a rise in profitability. The model of Gartner (18) , however, was based on a very general description of the heifer and dairy units. For instance, all calvings occurred on the first day of each year, and rearing costs were independent of the length of the rearing period. Therefore, the model was limited in its capacity to visualize the complete system.
In 1986, Ben-Ari and Gal ( 3 ) introduced the parameter iteration method to find an optimal replacement policy for a dairy production system that included a limited supply of replacement heifers. This method approximated the total expected profit of the herd at a given herd composition using a function that involved a set of parameters to describe the relationship between the total expected profit and the present herd composition. The application of Ben-Ari and Gal ( 3 ) , however, was very simple, because it modeled only 180 states within the dairy herd, and no results were presented to show the advantages of this method over the results from a single-component replacement model. For these reasons, Kristensen ( 2 8 ) extended the use of the parameter iteration technique to consider how a limited supply of heifers affected the optimal replacement solution based on the single-component system with unlimited heifer supply.
In the multiple-component model of Kristensen (28) , a dairy cow is replaced if its future profitability is negative and if a replacement heifer is available. Hence, replacement policy is influenced by predefined heifer management, and rearing strategy (including feeding strategy and breeding plan) is determined independently of replacement policy. Heifers are described only by state variables, which are defined by age and pregnancy. The influence of growth rate is not considered.
From these results, it could be concluded that, for a limited number of heifers, the multiple-component model improved the economic result (calculated as revenues from milk, calves, culled cows minus costs of feed, and heifers per cow per year) considerably compared with the more common single-component model.
DISCUSSION
The approach commonly used in models to simulate herd dynamics is dynamic stochastic simulation.
Dynamic programming is of value in situations in which a sequence of decisions must be followed, as in heifer rearing. In a dynamic model, individual animals are moved forward through time, and the status of each animal is modified according to the outcome of various management decisions (23, 24, 51) . Until now, only a few dynamic models have been developed in which the management of replacement heifers is considered. Expected benefits of dynamic models for this use however, would be significant.
The calculated least-cost rations indicated that the savings from feed costs when the age at calving was reduced from 26 to 22 mo could vary from $42 to $119 per heifer. If heifers calve at 26 mo rather than at 22 mo, larger milk returns are needed to cover additional feed costs. However, seasonality is another factor that influences economic results (25) , making the reduction of the rearing period more or less attractive.
When management schemes are developed, all biological effects of growth and development on the output potential of the replacement heifer have to be considered. Although productive inputs need to be minimized, the productive performance of the heifer has to be maintained. At present, the interrelationships of management factors are not well understood. Additional research is needed to determine how replacement rearing systems affect productivity and profitability of the heifer. However, future research programs are limited because of the enormous cost associated with rearing experiments. Therefore, DP can be used to structure rearing problems, resulting in a better understanding of the consequential effects of heifer management decisions on the underlying biology of the heifer. Sensitivity analysis provides valuable information regarding the critical biological components of heifer rearing. By determining these critical components, future research programs can be conducted.
The addition of seasonal variation to a dynamic model that is based on the biological aspects of heifer rearing makes it possible to simulate the management decisions on a dairy farm for which heifer rearing is the main farming activity (single-component system). Such a model starts with neonatal calves and ends with grown heifers to be sold at market prices. The results provide insight into the economic consequences of the various management aspects and decisions on a farm basis.
Calculations regarding cumulative feed costs are based on the assumption of controlled feeding even during pasture. In reality, the actual feed intake is very uncertain and, during pasture, even more difficult to predict. The intake of grass could be controlled by livestock density, but the quality of grass remains uncertain. With a DP model, the economic result of a completely controlled feeding system can be compared with the result of a system in which the quality of grass is described as a stochastic variable. The difference in economic results could be interpreted as the cost of uncertainty during pasture, which would be similar to the economic efficiency of controlled feeding versus pasture.
In Europe, most dairy farmers use home-grown heifers as replacements, mainly because of the risk of introducing infectious diseases in the herd when replacements are purchased. Therefore, the supply of replacement heifers is limited; the rearing unit produces heifers that are introduced into the dairy herd, and the dairy herd produces calves that are the input to the rearing unit (multiple-component system). In a dairy farm production system, management decisions concerning the rearing of livestock and replacement of dairy cows are therefore influenced strongly by one another. In a multiple-component system, operational and tactical decisions regarding heifer rearing need to be fully specified in terms of their effects on the strategic goals for the herd.
Current models (9, 23, 29, 51) for dairy cow replacement have focused on determining when culling of adult cows should occur; the models have also assumed that replacement heifers are available at a certain economic value. Further opportunity exists for farmers to coordinate heifer rearing policy with cow replacement policy, which would allow producers to deal with replacement issues at a more strategic level. To utilize this opportunity, insight into heifer management decisions and their consequential effects on the underlying biology of the heifer and resulting herd dynamics is needed. The use of dynamic simulation techniques is considered to be an appropriate method to study these matters.
In the dynamic simulation model that was constructed by Sørensen (44) , the simulated production strategy depended on decisions concerning energy availability, insemination strategy, and disease treatments. The relationship between the rearing rate of heifers and the replacement rate of dairy cows was not considered. With that model, no sensitivity analyses were performed to evaluate the most critical aspects. For instance, the estimated influence of energy intake during the critical prepubertal period on milk production performance was kept constant, leaving the economic impact of small variations in this relationship unknown. In the multiple-component optimization model of Kristensen (28) , the main subject was still the dairy cow because the model investigated only the influences on replacement management. In an optimal management model of a dairy farm production system, rearing and replacement activities should be optimized simultaneously.
As previously mentioned, benefits of a simulation model that considers the rearing of livestock are expected to be significant because management strategies that concern feeding and breeding can be evaluated. Insights and knowledge gained by these simulations can be used further to develop a dynamic optimization model. An optimization model considers the production potential and season of birth of the heifer and allows determination of the optimal sequence of daily gain rations and the optimal moment of insemination.
Research is underway to develop a dynamic optimization model for heifer rearing as a single-component system and, in the ultimate phase, as a multiplecomponent system. The ultimate multiple-component model should be able to support management decisions focusing on individual farm situations in which rearing and replacement activities are optimized simultaneously.
